When activity levels are altered over days, a network of cells is capable of recognizing this perturbation and triggering several distinct compensatory changes that should help to recover and maintain the original activity levels homeostatically. One feature commonly observed after activity blockade has been a compensatory increase in excitatory quantal amplitude. The sensing machinery that detects altered activity levels is a central focus of the field currently, but thus far it has been elusive. The vast majority of studies that reduce network activity also reduce neurotransmission. We address the possibility that reduced neurotransmission can trigger increases in quantal amplitude. In this work, we blocked glutamatergic or GABAA transmission in ovo for 2 days while maintaining relatively normal network activity. We found that reducing GABAA transmission triggered compensatory increases in both GABA and AMPA quantal amplitude in embryonic spinal motoneurons. Glutamatergic blockade had no effect on quantal amplitude. Therefore, GABA binding to the GABAA receptor appears to be a critical step in the sensing machinery for homeostatic synaptic plasticity. The findings suggest that homeostatic increases in quantal amplitude may normally be triggered by reduced levels of activity, which are sensed in the developing spinal cord by GABA, via the GABA A receptor. Therefore, GABA appears to be serving as a proxy for activity levels.
S
pontaneous network activity (SNA) is a prominent feature of developing neural networks that consists of episodic bursts of activity separated by periods of quiescence (1) (2) (3) . SNA is produced by hyperexcitable, recurrently connected circuits in which glutamate and GABA are both excitatory early in development. In the spinal cord, SNA drives embryonic limb movements and is known to be important for various aspects of limb (4) and motoneuron development (5, 6) . Reducing spontaneous network activity in the embryonic chick in vivo leads to compensatory increases in the strength of excitatory GABAergic and AMPAergic synapses (7) . These compensatory increases in synaptic strength have been described in several systems where they appear to act in a manner to recover and maintain network activity levels homeostatically (homeostatic synaptic plasticity) (8, 9) . Activity perturbations lead to several different forms of homeostatic synaptic plasticity, including changes in quantal amplitude, probability of release, and frequency of miniature postsynaptic currents (mPSCs). In the present work, we focus on compensatory changes in quantal (mPSC) amplitude. Changes in mPSC amplitude have been studied intensely in cultured networks where prolonged activity reduction results in an increase in the amplitude of excitatory mPSCs and a decrease in the amplitude of inhibitory mPSCs (10) (11) (12) . Changes in mPSC amplitude are achieved through alterations in the number of postsynaptic receptors and/or the amount of transmitter released per vesicle (8, 9) . However, far less is known about the machinery that senses perturbations in the level of activity, which then trigger compensatory changes in mPSC amplitude.
Several signals have been suggested as possible sensors for tracking changes in activity, including spike rate, depolarization, and intracellular calcium levels (8, 9, 13-15). One of the favored models suggests that reducing network activity produces a corresponding reduction in cellular spiking activity, thereby reducing intracellular calcium levels in a postsynaptic cell. In this model, which we will refer to as the cell activity model, the postsynaptic cell senses changes in intracellular calcium levels as a measure of altered activity and triggers compensatory changes in mPSC amplitude. However, the studies that have inspired this model not only block spiking activity, they also block or reduce neurotransmitter binding to its receptor and any associated downstream signaling cascades. Thus, it remains possible that neurotransmission is a critical step in the sensing process that triggers changes in quantal amplitude. In an alternative model, the neurotransmitter model, changes in activity levels would be sensed by alterations in neurotransmitter receptor binding. To address such a possibility, one would need to block either activity or neurotransmission, but not both. Recent studies have demonstrated that neither hyperpolarization nor reducing spike rate in the postsynaptic cell leads to compensatory changes in mPSC amplitude as would be predicted by the cell activity model (8, (16) (17) (18) (19) . In those studies, the release and binding of neurotransmitters to their receptors was not altered, and thus the results are consistent with the neurotransmitter model.
To test the neurotransmitter model directly, one would like to block neurotransmission without affecting activity levels. In the present work, we block GABAergic or glutamatergic neurotransmission in the developing spinal cord in vivo while maintaining significant levels of SNA caused by the fast compensatory nature of the highly excitable developing cord (20, 21) . We have found a particular importance of GABA A transmission in triggering compensatory changes in quantal amplitude. Our findings suggest that the GABA A receptor is part of the sensing machinery for homeostatic synaptic plasticity in the developing spinal cord.
Results
Neurotransmitter Block in Ovo. Previously, we reduced SNA in ovo from embryonic day 8-10 (E8-E10) through infusion of the sodium channel blocker lidocaine and found compensatory increases in both GABAergic and AMPAergic mPSC amplitude at E10 (7) . To test the possibility that reduced ionotropic neurotransmitter signaling triggered compensatory changes in quantal amplitude, we injected various neurotransmitter antagonists in ovo. We first determined the concentration of receptor antagonists necessary to reduce neurotransmission significantly for 48 h in ovo. Embryonic limb movements were assessed to determine the effects of neurotransmitter receptor block on spontaneous network activity in ovo. Spinally generated embryonic limb movements were observed through windows in the eggshell. SNA was quantified in ovo by counting the total time the chicken embryo moved during a 5-min period of observation (Fig. 1A) . We also monitored the number of bouts of movement (Fig. 1B) and the duration of each bout (Fig. 1C) .
To determine the effective concentrations of receptor antagonists needed to block activity significantly in ovo, a mixture of ionotropic receptor antagonists was infused into the egg, including a GABA A receptor antagonist (bicuculline or gabazine, concentrations shown in Experimental Procedures; assume a 50 ml egg volume), a glycine receptor antagonist (strychnine), an AMPA/KA (referred to as AMPA from this point) receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX), and an NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid (APV). The injection of the mixture of these four antagonists at E8 resulted in a near cessation of all limb movements from E8 to E10 (Fig. 1, red) .
The exclusion of any one of these drugs from the mixture reduced limb movements but did not abolish them for the entire 2 days (data not shown). The injection of a single receptor antagonist or a combination of CNQX and APV caused a temporary reduction in limb movements that recovered to control levels within hours (Fig.  1) . Doubling the concentration of any drug or the addition of a second bolus at E9 produced no additional effect on limb movements (data not shown). This finding suggested that the drugs were still effective but that the spinal networks controlling limb movements had compensated for the loss of transmission (22) . These experiments demonstrate that GABA A or AMPA/NMDA receptor activation can be significantly reduced in ovo from E8 to E10, whereas levels of SNA remained largely intact, apart from a transient reduction after drug administration.
No Change in mPSCs After AMPA/NMDA Receptor Block. To test the consequences of blocking ionotropic glutamatergic receptor signaling, we obtained whole-cell voltage clamp recordings (holding potential, Ϫ70 mV) from antidromically identified motoneurons of embryos treated from E8 to E10 with saline (1 ml), CNQX alone, or CNQX and APV. Recordings of mPSCs were obtained in the absence of receptor antagonists unless otherwise indicated. GABA and AMPA mPSCs were isolated by their decay kinetics as described in ref. 7 
and in Experimental Procedures.
Chronic CNQX or CNQX ϩ APV treatment did not result in a change in the amplitude of AMPA or GABA A mPSCs ( Fig. 2 and Table 1 ). Further, average mPSC frequency, mPSC rise and decay kinetics, and cellular passive membrane properties were unaltered after glutamate receptor blockade from E8 to E10 (Tables 1 and 2) . We did see a reduction in the variability of mPSC amplitude when embryos were treated with the glutamate antagonists. Although we do not know what normally produces this variability, it has been suggested that networks maintain a level or pattern of activity with different combinations of distinct parameters, each parameter exhibiting considerable variability (23) . If a particular conductance (synaptic receptor/potassium channel) or the probability of release is influenced by antagonist treatment, then it may be that the remaining parameters have a more restricted parameter space and therefore exhibit less variability. These findings suggest that reducing glutamatergic transmission did not trigger compensatory changes in quantal amplitude observed after activity blockade. This finding is consistent with the cell activity model or the neurotransmitter model, assuming that GABA is the key neurotransmitter. GABA A signaling has been shown to be particularly important for several aspects of early development (24) .
GABAA Receptor Block Increased mPSC Amplitude.
To test the consequences of blocking GABA A receptor signaling, we obtained whole-cell recordings from motoneurons as described above, but from embryos treated with a GABA A receptor antagonist (bicuculline) from E8 to E10. GABAergic mPSC amplitude was significantly greater in bicuculline-treated embryos than in controls (108% increase; Table 1 and Fig. 3 ). We found that full recovery of embryonic movements did not occur until E10 after bicuculline treatment at E8 (Fig. 1 ). This recovery may occur because of nonspecific effects of bicuculline (25) or because bicuculline acts at both synaptic and extrasynaptic GABA A receptors. We therefore also treated embryos with gabazine, which is thought to block synaptic GABA A receptors preferentially (26), and we found that embryonic movements recovered more quickly (Fig. 1) . GABAergic mPSC amplitudes from gabazine-treated embryos were again significantly greater than controls (82% increase) but were not different from embryos treated with bicuculline (Table 1 and Fig.  3 ). We also observed that the entire distribution of GABAergic mPSCs increased by a multiplicative factor, or, in other words, the distribution scaled (ref. 12 and Fig. 3F ). These data suggest that blocking GABA A receptor transmission leads to an increase in the amplitude of GABAergic mPSCs.
AMPA mPSCs from GABA A receptor-blocked embryos were kinetically isolated from the same set of motoneurons described above. Chronic GABA A receptor antagonist treatment significantly increased the amplitude of AMPA mPSCs compared with controls, even though AMPA receptors were not blocked (63% increase with gabazine, 68% increase with bicuculline; Table 1 and Fig. 3) . Again, the entire distribution of AMPAergic mPSCs appeared to scale (Fig. 3G) . No significant differences were found in the frequency, decay, or rise times of GABA A or AMPA mPSCs for any treatment condition (Table 1) . Nor were significant differences were found in passive membrane properties between the groups (Table 2) .
To determine whether increases in mPSC amplitude in gabazinetreated embryos were caused by a new population of mPSCs with a different pharmacology, we isolated the mPSCs by acute bath application of CNQX and/or gabazine. We found that adding 20 M CNQX reduced the mPSC population with fast-decay kinetics to only 6.3% of that before the antagonist. Similarly, adding 10 M gabazine reduced the mPSC population with slow-decay kinetics to only 4.1% of that before the antagonist. When both CNQX and gabazine were added to the bath, mPSCs were virtually abolished (n ϭ 3). These results suggest that chronic GABA A receptor blockade did not reveal a new population of mPSCs with a different pharmacology. Additionally, acute application of tetrodotoxin (TTX) did not significantly change the amplitude (19.6 Ϯ 0.2 pA; then after TTX, 18.6 Ϯ 0.7 pA) or frequency (0.79 Ϯ 0.22 Hz; then after TTX, 0.83 Ϯ 0.19 Hz) of mPSCs (n ϭ 3). Results with antagonists or TTX in gabazine-treated embryos are similar to those observed in control embryos (see Experimental Procedures).
Twelve-Hour GABAA Block Did Not Induce Changes in mPSC Amplitude.
Embryonic movements recover in either GABA A or glutamatergic block within 12 h. One of the hallmarks of homeostatic changes in mPSC amplitude has been that it requires approximately a day of altered activity to develop. We therefore believed that the recovery of embryonic movements occurred through fast transiently existing changes in network excitability that have been described for the 
n, number of cells recorded; values are mean Ϯ SE, one-way ANOVA. *Statistically significant difference compared with control (P Յ 0.01).
† Statistically significant difference compared with control (P Յ 0.03). isolated spinal cord in vitro (22) . Regardless, we wanted to test the possibility that changes in quantal amplitude in the embryonic spinal cord might occur faster than in other systems and contribute to the recovery of embryonic movements. To assess the time course of the increase in mPSC amplitude and to determine whether it could contribute to the recovery of embryonic movements in ovo, we injected gabazine in ovo at E9.5 and assayed quantal amplitude 12 h later at E10. Similar to the findings described above, in ovo limb movements were dramatically reduced and then recovered to near control levels by 12 h of gabazine treatment (Fig. 4A) . Recordings obtained from motoneurons of embryos treated for only 12 h with gabazine demonstrated no significant difference in the amplitude of AMPA or GABA A mPSCs (Fig. 4 B and C and Table 1 ). Neither the frequency of GABA mPSCs nor AMPA mPSCs was significantly different between control and 12 h of GABA A receptor blockade ( Table 1 ). The results suggest that GABA A receptor block must be in place for Ͼ12 h to exhibit the increases in mPSC amplitude observed after 48-h treatments. Further, the initial recovery of embryonic movements 12 h after injection of gabazine occurs without the contribution of increases in mPSC amplitude. Finally, in embryos treated from E8 to E10, mPSC amplitude must increase during the period when SNA levels were relatively normal. Together, these results suggest a particular importance for GABA A transmission in triggering homeostatic changes in GABAergic and AMPAergic mPSC amplitudes.
Discussion
In this work we aimed to determine whether neurotransmission was a critical part of the sensing machinery that triggers homeostatic increases in mPSC amplitude after perturbations to network activity levels in the developing spinal cord. These increases could be triggered by reductions in cellular spiking activity [cell activity model (27) (28) (29) ]. Alternatively, the reduction in SNA could cause a reduction in the release of neurotransmitter, which could trigger compensatory changes in quantal amplitude (neurotransmitter model). In this work we show evidence in vivo supporting the neurotransmitter model rather than the cell activity model. In ovo block of GABA A receptors triggered a strong increase in the amplitude of both GABA A and AMPA mPSCs, even though embryonic movements were largely intact in gabazine-treated embryos. This finding places GABAergic neurotransmission as a critical step in the homeostatic process. Because GABA A receptors are blocked throughout the network, the key site of neurotransmission block that triggers quantal amplitude changes could be at the postsynaptic cell, the presynaptic cell, and/or the resident glia. These findings support the idea that when SNA is reduced, GABA A transmission is also reduced, and this triggers the compensatory increase in quantal amplitude. Therefore, levels of released GABA would be monitored as a proxy for activity. Embryonic movements are likely to be a reliable indicator of spinal SNA because electromyographic recordings in ovo during embryonic movements are remarkably similar to motoneuron recordings during in vitro SNA (30) (31) (32) (33) . It is also likely that SNA that recovers after antagonist injections in the egg is similar to SNA before the antagonists were added because similar findings have been observed in the in vitro spinal cord preparation (22) . Further, we did not observe differences in several features of the in ovo embryonic movements in treated and control embryos, including total movement duration, bout duration, bout frequency, or recovery of the movements. We remain open to the possibility that subtle distinctions between the embryonic movements and SNA may exist; however, it is unlikely that increases in quantal amplitude are triggered by low activity levels in GABA A -blocked embryos because they exhibit larger increases in mPSC amplitude than activityblocked lidocaine-treated embryos (7) . For this reason it is also highly unlikely that a transient reduction in SNA, after antagonist injection, could account for the observed increase in quantal amplitude. Blocking GABA A receptors for 12 h or blocking glutamate receptors for 48 h produced the same transient reduction and recovery in embryonic movements as 48-h GABA A block but failed to produce the changes in mPSC amplitude observed after 48-h GABA block. These findings suggest that lowered GABAergic neurotransmission triggers compensatory changes in quantal amplitude. The results are consistent with the idea that GABAergic transmission is partly reduced in lidocaine-treated embryos (action potential-dependent release) but is more completely reduced in the presence of GABA A antagonists. Taken together, the findings suggest that chronic blockade of GABA A receptors, rather than a The bicuculline and gabazine distributions could be collapsed onto the control distribution by dividing every point in the distribution by a factor of 2.0 (P ϭ 0.03), suggesting that they scale. Amplitudes Ͻ5 pA were excluded from the distributions both before and after scaling the distributions. (G Inset) The bicuculline distributions could be collapsed onto the control distribution by dividing every point in the distribution by a factor of 1.5 (P ϭ 0.03). The gabazine distribution nearly collapsed onto the control distribution after dividing each point by a factor of 1.25 (P ϭ 0.07).
reduction in activity, triggers changes in mPSC amplitude, thereby supporting the neurotransmitter hypothesis. At E10, the two dominant spinal motoneuron inputs are GABAergic and glutamatergic (7) . Blocking AMPA and NMDA receptors failed to trigger changes in the amplitude of mPSCs. Previous studies in cultured networks also have found that NMDA receptor block did not trigger compensatory changes in mPSC amplitude (11, 12) . Our findings suggest a special role for GABAergic transmission in triggering the compensatory changes in mPSC amplitude. This places GABA and its receptor early in the hierarchical cascade that leads to downstream changes in both GABA A and AMPA mPSC amplitude. GABA may be capable of triggering changes in quantal amplitude in early development because it is depolarizing and GABAergic synapses may be more fully developed than the AMPAergic system at this stage (34, 35) . It is now well appreciated that GABA signaling is involved in directing multiple developmental processes, including cell proliferation, migration, and differentiation; establishment of synaptic connections and their refinement; and potentially in the depolarizing to hyperpolarizing conversion of the GABA A response itself (24, (36) (37) (38) .
Is it possible that reduced neurotransmission also triggers compensatory changes in mPSC amplitude in other systems where homeostatic synaptic plasticity has been described? In most studies where cultured network activity levels are perturbed, so too are released transmitters; thus, it is possible that altered neurotransmission triggers changes in mPSC amplitude in these studies as well (11, 39, 40) . In cultured networks, reducing GABA A transmission triggers a reduction in the amplitude of excitatory mPSC amplitude, which makes functional sense because in these studies GABA is inhibitory, and blocking it increases spiking activity (11, 12, 39) . This is opposite to our finding of increased quantal amplitude after GABA A block, although in embryonic spinal neurons, GABA is depolarizing. As a result, GABA may be able to activate downstream signaling cascades early in development because GABA A transmission can lead to calcium entry. Once GABA A transmission is no longer depolarizing, it may not be able to trigger the same downstream cascades, and the role of triggering compensatory quantal changes may be transferred to AMPAergic transmission. In four separate studies (in vitro and in vivo), activity was reduced in only the postsynaptic cell by expression of a potassium channel, whereas neurotransmitter release by the cell inputs remained intact and presumably unaltered (16) (17) (18) (19) . Although some of these studies reported a compensatory change in probability of release, none of them observed the expected increase in quantal amplitude. Further, in a recent study of homeostatic synaptic plasticity in hippocampal cultured networks, Stellwagen and Malenka (41) show that compensatory increases in AMPAergic mPSC amplitude are triggered by glia that may sense low glutamate levels in the culture medium after reduced activity. Thus, our findings of reduced neurotransmission triggering homeostatic changes in quantal amplitude may be a generally applicable finding for homeostatic synaptic plasticity in conditions of lowered activity. However, a recent study reports that spiking activity is important in triggering a fast form of AMPAergic quantal scaling (Յ4 h) that depended on the glial conditions of the culture system (27) . It is known that the mechanisms of homeostatic synaptic plasticity after reductions in activity are distinct from those after increased activity (42) , and one study suggests that depolarization rather than transmission may be important in triggering compensatory changes in quantal amplitude in response to increased network activity (43) .
Embryos treated with CNQX, CNQX ϩ APV, or gabazine recovered normal embryonic movements within 12 h, without changes in quantal amplitude. It is likely that several mechanisms are recruited to recover and maintain activity levels and that the different mechanisms may have different time courses (13) . After glutamatergic blockade, activity recovers in part because of a fast loading of intracellular chloride, which strengthens the unblocked GABAergic currents (22, 44) . After GABAergic block, there may be fast changes in the probability of release (45) and changes in cellular excitability (46, 47) . We have found that after GABA A block in ovo, there are fast changes (Յ12 h) in cellular excitability that begin to dissipate toward control levels after 48 h of GABA A block (J.C.W. and P.W., unpublished observations). Therefore, it is possible that SNA recovers after gabazine application through fast changes in cellular excitability and that compensatory changes in mPSC amplitude take longer to be expressed. Similar findings have been reported in activity-blocked cultured networks where changes in current densities of different voltage-gated channels increased the excitability of the neurons (46, 47) . The precise details of the compensatory responses underlying the homeostatic recovery of activity levels are not well understood, in part because studies have not directly compared the time course of activity recovery and changes in quantal amplitude. Further, studies tend to focus on one aspect of homeostasis, synaptic or intrinsic excitability. It will be important to consider these compensatory mechanisms together to gain a more complete understanding of the process of homeostatic recovery.
Taken together, our findings suggest that a reduction in GABA A receptor activation triggers compensatory changes in quantal amplitude in the developing spinal cord. The results support the hypothesis that lowered activity is sensed through reduced GABA, via GABA A receptors. This hypothesis would make GABA A receptors a key determinant in the sensing machinery that triggers compensatory changes to maintain network activity in the developing nervous system and would have implications for the role of neurotransmission in homeostatic synaptic plasticity in general. 
Experimental Procedures
Dissection. White Leghorn chicken embryos (Hy-Line Hatcheries) were dissected as described in ref. 48 . Briefly, spinal cords from stage 36 (E10) embryos were isolated with intact muscle nerves. The preparation was maintained in a recirculating bath of oxygenated Tyrode's solution, and the dissection was performed at 15°C and left overnight at 17°C. Recordings were performed in oxygenated Tyrode's solution with 5 mM KCl. Muscle nerves (femorotibialis external/medial, adductor) were drawn into suction electrodes for stimulation and recording. All recordings were performed at 27°C. The dissection and recordings were performed in the absence of drugs unless otherwise stated. Electrophysiology. Whole-cell voltage clamp recordings of mPSCs were obtained from antidromically identified femorotibialis or adductor motoneurons as described in ref. 7 . Muscle nerve recordings were obtained from suction electrodes connected to high-gain differential amplifiers (A-M Systems). Whole-cell currents were acquired by using an AxoClamp 2B amplifier controlled by pClamp 10.1 software (Axon Instruments) running on an Apple computer. Only cells with a stable resting membrane potential were used for analysis (MiniAnalysis; Synaptosoft).
Pharmacological
Synaptic strength was assessed by measuring the amplitude and the frequency of spontaneous postsynaptic currents (sPSCs). Previous studies using TTX have demonstrated that the majority of sPSCs recorded are action potentialindependent mPSCs (7, 44) . Therefore, experiments were performed without TTX (except where mentioned) and are referred to as mPSCs. Previous reports have suggested that motoneurons in the E10 chicken embryo primarily receive GABAergic and glutamatergic mPSCs (7, 44) . To establish which populations of neurotransmitters contributed to the mPSCs recorded, GABAergic and glutamatergic antagonists were acutely bath-applied. We find that mPSCs in femorotibialis and adductor motoneurons at E10 are composed of only two populations: AMPA mPSCs and GABA mPSCs (see Table 1 ). Previous studies suggested that AMPA and GABA mPSCs could be isolated kinetically (7, 50, 51) . We found that in the chicken embryo slow-decay mPSCs are largely GABA-mediated, whereas fast-decay mPSCs are largely AMPA-mediated. We found that only 6.6% of mPSCs with decay constants Ͼ23 ms (presumptive GABAergic) are AMPAergic (based on pharmacologically isolated mPSCs in those cells, n ϭ 4). Only 7.5% of mPSCs with decay constants Ͻ21 ms (presumptive AMPAergic) are GABAergic (n ϭ 3). Therefore, we kinetically separated contributions from GABAergic ( Ն23 ms) and AMPAergic mPSCs ( Յ21 ms) without pharmacological intervention. Currents with decay times between 21 ms and 23 ms (21 Ͻ Ͻ 23) were not included in further analysis.
Statistics. Data from averages are expressed as mean Ϯ SEM. Statistical analyses of mPSC amplitudes were performed by using ANOVA with post hoc Tukey's test (␣ ϭ 0.05). For cumulative distributions, best-fit analysis was performed by using a Kolmogorov-Smirnov test (␣ ϭ 0.05).
